Dielectric barrier corona discharge was developed to generate low-temperature plasma (LTP) to treat apple and spinach samples contaminated with omethoate. Experimental results showed that, after 20 min exposure, the degradation rate of omethoate residue in apple and spinach was (94.55 ± 0.01)% and (95.55 ± 0.01)%, respectively. When the treatment time was shorter than 20 min, the contents of moisture, vitamin C and beta-carotene were not affected by LTP. Exploration of related mechanisms suggested that LTP might destroy unsaturated double bonds of omethoate and produce phosphate ion, eventually leading to omethoate destruction. It is concluded that appropriate dosage of LTP can effectively degrade omethoate residue in fruits and vegetables without affecting their quality.
Introduction
China is a major producer and user of pesticides, with more than 160 varieties of pesticides in common use, and an annual consumption of about 250 000 tons, second only to the United States [1] . With the increase of pesticide production and usage, the problems caused by pesticides, especially pesticide residue in fruits and vegetables, are becoming increasingly serious. Among the organophosphorus pesticides which have harmful residue, omethoate is widely used in pest control for vegetables and fruits, but it is highly toxic, residual and systemic [2] . Long-term use of organophosphorus pesticides can not only cause excessive residue and environmental pollution, but also damage human health and cause diseases, such as cancer and reduced fertility [3] . Therefore, the detection and degradation of pesticide residue in fruits and vegetables have been taken seriously by relevant government departments at home and abroad [4] [5] [6] .
Traditional methods to deal with organophosphorus pesticide residue in fruits and vegetables are physical cleaning, heating decomposition, ionization irradiation, alkaline hydrolysis and microbial degradation [7] . These methods may be inefficient, expensive, uncontrollable, and may produce toxic by-products. Research on the degradation of organic pollutants by low-temperature plasma (LTP) technology is a hot topic in recent years. Wallis et al used plasma to catalyze and degrade CC l2 F 2 (CFC-12), and found that plasma had a good degrading effect [8] . Bai and others [9] studied the degrading effect of oxygen plasma on DDV, detected the degradation products and found that the degradation rate of the oxygen plasma was 95%, and the degradation products were small molecules such as PO 4 3-and Cl −1 . LTP to deal with organics had advantages of low energy consumption, high efficiency and no secondary pollutants [10, 11] . Compared with traditional methods, LTP showed good technical advantages and prospects. Therefore, it is expected to be a new method to deal with pesticide residue in fruits and vegetables.
In this research, a novel plasma reactor based on dielectric barrier corona discharge (DBCD), also called surface micro-discharge plasma, was used to generate LTP. Then, LTP was used to treat apple and spinach samples, in order to explore its effects on the degradation of omethoate residue, and to analyze its effects on the quality of fruits and vegetables. In the end, the best treatment parameters were put forward to provide theoretical basis for the application of LTP in the degradation of pesticide residue in fruits and vegetables.
Experimental arrangements

Generation of DBCD plasma
The DBCD plasma in ambient air was generated by a sandwich electrode configuration as described elsewhere [12] [13] [14] . The schematic diagram and product picture of the device were shown in figure 1 . The configuration consisted of three parts: a powered aluminum alloyelectrode sheet of 1 mm thickness, a 1 mm thick ceramic plate, and a grounded stainless steel woven wiremesh (18 meshes per inch). There was a grid-like stainless steel tray, on which experimental samples were placed. The space between the wiremesh and tray was 6.5 cm. The discharge was driven by a sinusoidal ac power supply (HB-C06, Foshan Nanhaihongba Electronics Company, Ltd, Foshan, China), which was able to output a continuous sinusoidal wave with a magnitude up to 6 kV. The voltage was measured by a high-voltage probe (Tektronix P6015A) and the current was detected with a noninductance resistor R m of 100 Ω. The voltage and current waveforms were recorded by a four-channel digital oscilloscope (Tektronix DPO4034). The temperature of plasma varied from 26°C to 34°C, similar to room temperature, as measured with an infrared thermal imager (Thermal CAM P30, FLIR, USA). The plasma spectrum was captured by a spectrometer (Mechelle 5000, Andor Technology Ltd, UK) and an ICCD (iStar334, Andor Technology Ltd, UK). According to obtained spectrum of DBCD plasma, the ionized nitrogen molecules (the first negative system), excited hydroxyl radicals (OH and OD isotope), and lots of excited nitrogen molecules (the second positive system), were clearly detected [12] . In addition, a lot of O 3 and some intermediates were produced. O 3 could be obviously smelt during discharge.
The preparation of contaminated fruits and vegetables
Fresh apples and spinaches were purchased from the supermarket, Resources Vanguard, Xi'an, China, and washed clean. Omethoate (Chongqing Minfeng Agricultural Products Co., Ltd, Chongqing, China) was diluted with distilled water with concentration of 5 mg l −1 . A certain amount of apples and spinaches were soaked in omethoate solution for 30 min. After that, the apples and spinaches were taken out and aired dry.
Plasma treatment
The contaminated apple and spinach samples were placed in the DBCD low temperature plasma generator, and the grounded electrode was approximately 1 mm above the top of the samples. According to the pre-experimental results, the treatment time was set as 0, 5, 10, 15, 20, 25, and 30 min. The 0 min group was the control group, and the others were experimental groups. Apple and spinach samples uncontaminated and untreated with LTP served as the background control group.
High performance liquid chromatography coupled to mass spectrometry analysis (HPLC/MS/MS)
After plasma treatment, the samples in the experimental groups, control group and background control group were ground to be homogenized. Then, 5 g apple homogenate and 10 g spinach homogenate were used to perform omethoate residue detection, respectively. In the process, 5 g sodium chloride and 1 g activated carbon were added into the apple or spinach homogenate, which was then transferred to a 50 ml centrifuge tube. After 40 ml acetonitrile was mixed, the centrifuge tube was shaken forcefully for 2 min, and then centrifuged for 10 min at 6000 RPM 4°C. When the supernatant was ready, 10 ml was collected and put into a small test tube, which was blown dry on a termovap sample concentrator (MTN-2800D, Tianjin Ott Instrument Co., Ltd, Tianjin, China). After that, 2 ml methanol was added, and dietary fiber and other impurities were filtered through 0.22 μm filter membrane.
The analytical determinations by HPLC-MS/MS were performed with a Shimadzu 20A LC system coupled to an API 3200 HPLC-MS/MS system from AB SCIEX run in the Scheduled MS-MS mode. LC separation was performed on a ZORBAX Eclipse SB-C18 (150 mm × 2.1 mm, 3.5 μm) column and the column oven temperature was set at 20°C. The mobile phase consisted of (A) methyl alcohol (30%) and (B) water (70%). Injection volume was 10 μl, flow rate was 0.25 ml min −1 and measure wavelength was 448 nm. Tandem MS detection was performed using the multiple reaction monitoring (MRM) mode. The optimal MRM conditions for each analyte were optimized using direct infusion in the ESI+ mode. Source temperature was 350°C, the ionization voltage was 5500 V, curtain gas was nitrogen at 20 psi and the nebulizer gas was air at 45 psi. Analyses were conducted in the selected reaction monitoring mode with Schedule MRM TM algorithm, using a detection window time of 60 s covering the expected retention time of each analyte and the target scan time was 2 s. Analyst software version 1.5.1 (Applied Biosystems, Concord, Ontario, Canada) from AB SCIEX was used to acquire and to process data obtained.
Standard curve of omethoate was prepared as follows. Omethoate (100 μg ml . The standard curve of omethoate was drawn by plotting the area under the curve of omethoate components obtained from LC-MS/MS system on the vertical Y-axis versus the corresponding omethoate concentration on the horizontal X-axis. According to the calculation, the fit line formula was y = 0.952 + 0.074x. Then, the concentration of omethoate in samples was determined on the basis of the standard curve and the fit line formula.
Detection of reactive oxygen and nitrogen species (RONS) in omethoate solution
To explore the mechanism of LTP in the degradation of omethoate residue, 1 ml (5 mg l −1 ) omethoate solution was dripped onto a 6 cm diameter plate, which was then shaken gently so that the omethoate solution was spread evenly on the surface of the plate. Then the plate was placed in the DBCD plasma device, and the treatment time was the same as described in section 2.3.
It is now understood that RONS are key players during LTP inactivating microorganism, promoting wound healing, treating some skin, oral diseases and tumors, and degrading organic pollutants in environment media [15] [16] [17] . Based on our previous plasma spectral analysis, there were ROS (OH) and RNS (excited N 2 ) in LTP [12] , and excited N 2 could react with surrounding O 2 to generate NO. Therefore, OH concentration in the solution during LTP treatment was detected with the hydroxyl radical assay kit (KeyGEN BioTECH, Nanjing, China) at several time points. The measurement principles and procedures could be found in [12] . Nitrates and nitrites were produced when NO diffused into liquids [18] . The concentration of nitrates and nitrites in the solution during LTP treatment was detected with Griess-assay [19] . The detailed principles and procedures could also be found in [12] .
Precipitation reaction
It is assumed that LTP can degrade methoate into small unharmful molecules, such as PO 4 3-and SO 4 2- [20] .
Effect of LTP on the moisture content of spinach and apple
Firstly, 10 g LTP-treated spinach sample was collected, minced, put into an evaporation pan, and spread evenly. The thickness was about 5 mm. Secondly, the evaporation pan was weighed and the weight was marked as M 1 . Thirdly, the evaporation pan was placed in an electric thermostatic drying oven (101-2, Beijing Kewei Instrument Co., Ltd, Beijing, China) at 140°C for 2 h. Fourthly, the temperature was dropped to 80°C and remained for 8 h. Finally, the evaporation pan was weighed again, and the weight was marked as M 2 . The moisture content (w%) was calculated according to the formula: w% = (M 1 − M 2 )/M 1. The same procedures were repeated for apple sample.
Effect of LTP on the nutritional ingredients of apple and spinach
Vitamin C and beta-carotene, representatives of water-soluble vitamins and fat-soluble vitamins, are abundant in fresh fruits and vegetables. Our study used the two vitamins to show the nutrition changes of apple and spinach after LTP treatment. According to the national standard, the content of vitamin C was detected with 2, 6-dichlorindophenol titration [21] , and the content of beta-carotene was determined with HPLC [22] .
Statistical analysis
Each experiment was performed at least in triplicate. All data were processed with Statistical Product and Service Solutions Version software (Version 13.0 for Windows). Experimental results were shown as mean ± standard deviation x s  ( )and analyzed with randomized block one way analysis of variance. P < 0.05 was considered statistically significant.
Results
Effect of LTP on the degradation of omethoate residue
No omethoate residue was detected in uncontaminated apple and spinach. The effect of LTP on omethoate residue was shown in figure 2. In the control groups of apple and spinach, the concentration of omethoate residue was 1.10 ± 0.08 μg ml −1 and 8.16 ± 0.50 μg ml
, respectively. With longer treatment time, the concentration of omethoate residue decreased gradually. Compared with the control group, the experimental groups showed significant decrease of omethoate residue (P < 0.05). When the samples were treated for less than 20 min, omethoate residue degraded rapidly; after 20 min, the degradation speed slowed down. When the treatment time was 20 min, 25 min, and 30 min, the concentrations of omethoate residue were 0.06 ± 0.03, 0.05 ± 0.03 and 0.04 ± 0.01 μg ml −1 in apple, and 0.33 ± 0.05, 0.31 ± 0.04 and 0.30 ± 0.04 μg ml −1 in spinach. There was no significant differences between the groups (P > 0.05). When the treatment time was 30 min, the degradation rate of omethoate residue was (96.36 ± 0.01)% in apple and (96.32 ± 0.01)% in spinach.
RONS in omethoate solution
The concentration of OH in 200 μl omethoate solution after different LTP treatment times was assessed ( figure 3) Figure 4 showed the total nitrite and nitrate content in 100 μl omethoate solution after different LTP treatment times. The results indicated that the change of nitrite and nitrate content was similar to that of hydroxyl radicals. The nitrite and nitrate content drastically increased from 6.50 ± 2.00 μM in 0 min group to 1016.80 ± 36.90 μM in the 30 min group. The nitrite and nitrate content in 5, 10, 15, 20, 25 and 30 min groups was significantly higher than that of the control group (P < 0.05). 
Moisture content
The effect of LTP on the moisture content of apple and spinach samples was shown in figure 6 . The results indicated that, with longer treatment time, the moisture content of both apple and spinach samples slightly reduced. In the control group of apple and spinach, the moisture content was (83.69 ± 1.62)% and (93.58 ± 1.20)%, respectively, while in the 30 min group, the moisture content was (82.08 ± 1.15)% and (92.32 ± 1.30)%. There was no statistical difference between the groups (P > 0.05).
Vitamin C and beta-carotene
Effect of LTP treatment on the vitamin C content of apple and spinach samples was shown in figure 7 . The vitamin C content in untreated apple and spinach samples was 3.08 ± 0.28 and 24.78 ± 0.82 mg/100 ml, respectively. When the treatment time was 5, 10, 15, 20, 25 and 30 min, the content of both vitamin C and beta-carotene gradually decreased. There was no statistically significant difference (P > 0.05) between the control and 5, 10, 15 and 20 min groups. However, the vitamin C content of 25 min and 30 min groups was significantly higher than that of the control group (P < 0.05). When the treatment time was 30 min, the vitamin C content in apple and spinach samples was 0.38 ± 0.10 and 18.98 ± 1.02 mg/100 ml, respectively. Table 1 showed the effect of LTP on the beta-carotene content of apple and spinach samples. With longer exposure time, the beta-carotene content in both apple and spinach samples showed a declining tread. Compared with control group, the 5, 10, 15 and 20 min groups showed no significant difference (P > 0.05), while the 25 and 30 min groups showed a significant decrease (P < 0.05). When the treatment time was 30 min, the beta-carotene content in apple and spinach samples was 1.04 ± 0.03 ng ml −1 and 0.95 ± 0.04 μg ml −1 , respectively. Figure 2 showed that LTP induced by DBCD could degrade omethoate residue in apple and spinach by more than 96% after 30 min treatment, indicating that LTP could rapidly and effectively degrade omethoate residue. In fact, after 20 min treatment, the degradation rate of omethoate residue in apple and spinach was (94.55 ± 0.01)% and (95.55 ± 0.01)%, respectively. The degradation rate slowed down after 20 min, which might be explained that the concentration of omethoate residue was minimum, thus LTP reacted with the nutritional ingredients first, including monosaccharide, disaccharide, polysaccharide, dietary fiber, and vitamins, which was verified by results in figure 7 and table 1. Figure 7 and table 1 suggested that when the treatment time was shorter than 20 min, although the contents of vitamin C and beta-carotene dropped slightly in both apple and spinach samples, there was no significant difference between the control group and experimental groups (P > 0.05). However, when the treatment time was longer than 20 min, there was a significant drop in the contents of vitamin C and beta-carotene (P < 0.05). The fact indicated that small dosage of LTP effectively reduced the omethoate residue in fruits and vegetables without affecting the nutritional quality. Figure 6 showed that LTP exposure had no effect on the moisture content of apple and spinach, which might be explained by the low temperature of LTP. As the temperature ranged between 26°C and 34°C, LTP did not cause loss of moisture. Therefore, suitable dosage of LTP might be a promising alternative degradation technique available to degrade organophosphorus pesticides in fruits and vegetables without affecting the quality.
Discussion
Degradation mechanism of LTP on organophosphorus pesticides is still largely unknown. The molecular formula of omethoate is C 5 H 12 NO 4 PS, with the molar mass of 213.2 g mol −1
. The chemical structural formula of omethoate contains two unsaturated double bonds, which are susceptible to attacks by RONS [23, 24] . As previously mentioned [12] [13] [14] 20] , energetic electrons generated inside the DBCD plasma provided sufficient energy to dissociate the molecules of the feed gas and produced RONS (OH, O, O 3 , NO, excited N 2 , and so on) through the following chemical reactions (equations (1)- (7)). The RONS in gas phase might play an important role in degrading omethoate residue on the surface of apple and spinach samples. 
